A novel lectin, termed "MytiLec," was isolated and characterized from the mussel Mytilus galloprovincialis, an important food and environmental indicator species found in marine coastal areas worldwide. MytiLec binds to the sugar moiety of globotriose (Gb3), an α-galactoside, leading to apoptosis of Gb3-expressing Burkitt's lymphoma cells. The amino acid sequence of MytiLec is unusual, but 3-dimensional structural analysis reveals the presence of β-trefoil fold, a well-known feature in "R-type" lectins, a family of galactose-binding proteins found in many types of organisms. To date, MytiLec has been found only in a few species of the mollusk family Mytilidae and the phylum Brachiopoda, which also express typical R-type lectins. In this minireview, we discuss: (i) possible reasons for the unusual coexistence of two distinct lectin families in the same animal family; (ii) structural models of MytiLec that are useful for design of lectins with improved anti-cancer properties; (iii) construction of "Mitsuba," an artificial lectin based on MytiLec that has similar carbohydrate-binding activity but a more stable monomeric form; (iv) regulation of cell growth by MytiLec and related lectins through binding to glycans.
A. Introduction
Ricin is a protein toxin obtained from seeds of the castor bean (Ricinus communis; family Euphorbiaceae). It was first described in the doctoral dissertation (1888) of Peter Hermann Stillmark at the University of Dorpat (Estonia; now called Univ. of Tartu) (1) . This discovery gave rise to studies of lectins (2) . The primary structure of ricin B chain, a β-galactoside-binding lectin, was determined around a century later (3) (4) (5) . The polypeptide consists of two similar domains, each having three similar subdomains with length ~40 amino acids. Most of these lectins have a Gln(Q)-X-Trp(W) sequence (6, 7) , and are classified as R (ricin B chain)-type lectins (7) . Many R-type lectins have been discovered subsequently in a variety of plants, animals, and microorganisms (8) (9) (10) (11) Most of the R-type lectins display "β-trefoil folding" (11, 12) .
Over 90% of known animal species in modern oceans belong to the ~30 invertebrate phyla. These phyla generally date back to the Paleozoic era (541 to 252 million years ago). Genes of marine invertebrates are considered to closely reflect those of the common ancestor(s) of animals, and are therefore useful for elucidating fundamental evolutionary mechanisms, and for development of molecular tools in biomedical fields. Many novel types of lectins have been found in marine invertebrate species (13) (14) (15) (16) , and some of these lectins have been shown to inhibit growth of viruses (17, 18) , regulate development of symbiotic/pathogenic microorganisms (19, 20) , or affect mammalian cell cycle (21) (22) (23) (24) . D-galactose (Gal) evidently emerged as an important monosaccharide later in evolutionary time than glucose, fructose, or mannose, and therefore plays key roles in cellular recognition (25) . As part of our ongoing studies on cell biological functions of various sugars (mono-, di-, and oligosaccharides), we have collected numerous marine invertebrates from Sagami Bay (south of Kanagawa prefecture, near Tokyo), which is well known for its high biodiversity. To elucidate the roles of marine invertebrate lectins in cellular recognition mediated by binding of Gal-containing glycans, we applied crude extracts prepared from the animals onto lactose (Galβ1-4Glc)-or melibiose (Galα1-6Glc)-conjugated affinity columns, and isolated numerous novel lectins with various molecular masses, from various phyla (26) (Fig. 1 ).
Glycan-binding properties of the isolated lectins were evaluated by Frontal Affinity Chromatography Technology (FACT) (37) . (27) . OXYL: lectin from Oxycomanthus japonicus (feather star) (28) . SvL: lectin from Mytilisepta virgatus (purplish bifurcate mussel). MytiLec: 17-kDa lectin from Mytilus galloprovincialis (29) . HOL18: 18-kDa GalNAc/GlcNAc-binding lectin from Halichondria okadai (Japanese demosponge) (30) . TcL: lectin from Turbo (Lunella) coreensis (coronate moon turban shell) (31) . HOL30: 30-kDa lectin from H. okadai (32) . PnL: lectin from Perinereis nuntia (lugworm) (33) . AKL: lectin from eggs of Aplysia kurodai (sea hare) (34, 35) . GdL: lectin from Glossaulax (Neverita) didyma (bladder moon shell) (36) . Clearly, a large number of α-Gal-binding lectins are present in marine invertebrates, many of which remain to be isolated and characterized.
B. Classification of Bivalve Mollusks, and Research on Their Lectins
Bivalves are a class (Bivalvia) within the phylum Mollusca, and are categorized as Protostomia because the first opening of the embryonic gut develops into the mouth, while the anus forms secondarily. According to currently accepted taxonomic principles, supported by ribosomal RNA sequence-based studies, protostome invertebrates are divided into two clades: Lophotrochozoa (characterized by a trochophore larval stage with a crown of ciliated tentacles) and Ecdysozoa (animals that grow by molting their exoskeleton; e.g., insects, myriapods, crustaceans, and nematodes).
Lophotrochozoa include the Mollusca, the phyla Annelida and Brachiopoda, and various smaller groups. Bivalves have been a popular subject of lectin research for many decades. In the late 1970s, a Gal-binding lectin was isolated (38) from clams (family Veneridae, whose first known ancestor is estimated to have appeared between the Permian [latest of the six periods of the Paleozoic era] and the Triassic [first of the three periods of the Mesozoic era] (39)). This lectin bound to both mammalian serum glycoproteins and arabinogalactan, a type of polysaccharide found in plants and shown to stimulate the mammalian immune system (40) . Since 1980, Ctype lectins, galectins, and jacalin have been found in pearl oysters (superfamily Pteriidae, whose first known ancestor is estimated to have appeared in Ordovician [second period of Paleozoic era] (39)) and true oysters (superfamily Ostreidae, whose ancestors are thought to have appeared in the early Triassic (39)) (41) (42) (43) .
Around the end of the 1980s, lectins were discovered in mussels (family Mytilidae, whose first ancestor is estimated to have appeared in the Devonian [fourth period of the Paleozoic era] and the Triassic (39)). Several C-type lectins were found in sperm of the blue mussel (Mytilus edulis) (44) . A sialic acid-binding lectin with antibacterial properties was isolated from the northern horsemussel (Modiolus modiolus) (45, 46) . In 1998, an N-acetyl-D-galactosamine (GalNAc)/Gal-binding lectin, termed CGL ( "C. grayanus lectin" ), was described from Gray's mussel (Crenomytilus graya-nus) (47) . In 2012, we described an α-D-Gal-binding lectin, termed MytiLec, from the Mediterranean mussel (Mytilus galloprovincialis), a mytilid species originally native to the Mediterranean sea but now found in oceans worldwide (29) .
C. MytiLec Structure
MytiLec is a well-investigated protein whose whole structure from gene to 3-D has been determined. The molecular mass is 17,000 Da per subunit ( Fig. 1: MytiLec) (29) . MytiLec binds strongly to D-Gal, D-GalNAc, and melibiose, and weakly to Nacetyllactosamine (Galβ1-4GlcNAc). The name MytiLec was derived initially from the name of an EST (expressed sequence tag) database, "MytiBase" (48, 49) , created by a European research consortium established for promotion of mussel research in the environmental and fishery areas. The sequence of MytiLec is orthologous to that of CGL from C. grayanus (50) , and orthologous sequences are also present in lectins from the foolish mussel (Mytilus trossulus) and California mussel (Mytilus californianus) (51, 52) , indicating that variants of this lectin are widely distributed in the family Mytilidae.
C-1. Gene
The gene encoding MytiLec consists of two exons ( Fig. 3a) , as revealed by alignment with spliced mRNA sequence [GenBank LC 125182.1 (53)] (54). Note: because two other mRNAs similar to that of MytiLec, having a chimeric domain coding bacterial toxin, were identified from the mussel transcriptome, we sometimes use the term "MytiLec-1" (54) for purposes of distinction. The MytiLec gene is transcribed highly in the mantle and gills of mussels, and at lower levels in digestive glands, hemocytes, and posterior adductor muscles ( Fig. 3b ), suggesting that MytiLec plays essential roles in tissues that contact the external environment. The mRNA contains an alternative N-terminal sequence, which potentially results in translation of 37 additional amino acids (54) . An acetyl group is added post-translationally at the N-terminal of the translated protein, to complete the polypeptide chain.
C-2. Primary Structure
Chemical determination of MytiLec primary structure showed that the polypeptide chain consists of 149 amino acids, with acetyl threonine (Ac-Thr [T]) at the N-terminus [UniProt B3EWR1 Red font: acidic amino acids. Boldface: amino acids common to three subdomains. Asterisks: amino acids essential for carbohydrate binding. Arrows: β-sheet structure. Dotted line: α-helix. b. Crystallographic analysis indicating binding of MytiLec to hydroxyl groups at positions C3, C4, and C6 of GalNAc. α-anomer direction of C1 hydroxyl group is compatible with site within the lectin (arrow at C1 of α-GalNAc points to α-anomer). c. Six amino acids ( 49 Arg, 92 Asp, 93 Asp, 94 Asp, 95 Asn, 148 Tyr) are binding site for dimerization (59) .
within the Lophotrochozoa.
The MytiLec primary sequence is composed of three repeats of a 50-amino-acid subdomain, which display up to 50% similarity with each other. In general, each subdomain has acidic amino acids, e.g., Asp (D) and Glu (E), on the C-terminal side. A Trp (W)
residue is present at the N-terminus of the second subdomain, and the polypeptide contains no Cys (C) (Fig. 4a ). According to classification of the protein based on domain identification using the protein family databases Pfam (57) and InterPro (www.ebi.ac.uk/ interpro/), all MytiLec-like sequences belong to the β-trefoil fold superfamily. However, we found no significant homology with the R-type lectin family, nor any QxW motif, and it is therefore not possible to assign the sequences to any known protein family. binding site, which is unusual ( Fig. 5a ).
C-3. 3-D Structure and Dimeric Structure
HxDxH motifs (residues 32-36, 76-80, 134-138) found in each subdomain are essential for binding to α-D-GalNAc (Fig. 4a ).
The first Gly (G) of HPxGG sequence (residues 15-19, 61-65, 88-92), through its nitrogen atom, forms a hydrogen bond with the sugar hydroxyl group at C-6, together with an acidic amino acid ( 26 Asp (D), 74 Glu (E), or 118 Glu (E)) ( Fig. 3b ) MytiLec forms a tight noncovalent dimer through a hydrophobic interface comprised mainly of 93 Phe and 94 Phe (Fig. 4c ).
Overall, MytiLec has a roughly "dumbbell" shape, with six carbohydrate-binding sites per molecule ( Fig. 5c ).
D. Effect of MytiLec-1 on Growth of Mammalian Cells
In view of the glycan-binding profile revealed by FACT analysis, and the specific binding of MytiLec-1 to Gb3 glycan, we 
D-1. Intracellular Activation Pathway
MytiLec bound to Gb3 sugar chains located on the cell surface, resulting in turn led to inhibition of cell proliferation (Fig.   6a ), plasma membrane damage (inversion of cell membrane) and
perforation of plasma membrane (incorporation of propidium iodide) (Fig. 6b ). In addition to the cell aggregation, MytiLec ap- 
D-2. Direct Cell Regulatory Effects of Lectins Based on Lectin-Glycan Interaction

E. Artificial Lectin "Mitsuba-1"
MytiLec is of great interest because of its antitumor activity, but attempted biotechnological applications in its native form present several problems. Notably, its hemagglutination properties make direct administration via the bloodstream impractical-a well-known issue for most lectins. As a possible solution, we attempted to create a monomeric form by mutating the phenylalanine residues at the dimer interface. The resulting mutant protein did not cause hemagglutination, but was unstable and did not kill cancer cells. We therefore investigated additional novel forms of the protein for therapeutic purposes. (Fig. 8a) , 29% homology with that of artificial lectin 
E-1. Reversed Molecular Evolution by Computational Method
E-2. Cell Regulatory Mechanism of MytiLec as Deduced from Mitsuba-1 Structure
The crystal structure of Mitsuba-1 was found to be completely symmetrical [PDB 5XG5 (71)] (Fig. 5d, e ). Mitsuba-1 did not display hemagglutination activity like that of MytiLec, and was highly stable even following repeated freeze/thaw cycles or longterm storage at room temperature. Mitsuba bound to Burkitt's lymphoma cells, but did not display apoptotic activity (Fig. 8b) .
It thus appears that the apoptotic activity of MytiLec-1 is dependent on its dimeric structure. Loss of both apoptotic and hemagglutination activity in Mitsuba-1 may be due to the fact that its three glycan-binding sites all lie on the same face of the protein (Fig. 5e ). Enhancement of stability of the trefoil by increasing symmetry will allow us to create fusion proteins with surface expression of this motif. Our ongoing studies are focused on genera- (74, 75) , F-type (72, 75) , galectin (72, 75) , R-type (72, 75) , and SUEL/RBL type (75) . These studies also led to discovery of a typical R-type lectin family in mytilids (72, 75) .
F. Phylogeny of Lectin Family with β-Trefoil Folding
F-1. Mytilectin Family: A Novel Family of Lectins
In addition to prototype MytiLec-1 which contains only trefoil lectin domain, an additional group of chimera-type sequences, MytiLec-2 (GenBank KP 125931.1 [76] ) and MytiLec-3
(GenBank KP125932.1 [77] ), associated with Aeromonas toxin (78) (aerolysin)-like domain, were found in M. galloprovincialis ( Fig. 9) (54) . These lectins did not belong to any known protein family as currently described in online databases, and we therefore assigned them to a newly named "mytilectin family" (54) , and classified the prototype and chimera-type lectins respectively as mytilectin-1 and mytilectin-2/3. Their primary structures were highly novel; however, comparison with known protein structures at the 3-D structural level revealed the presence of a β-trefoil fold similar to that of "hisactophilin," a slime mold protein that binds to actin in pH-dependent manner (79) . A phylogenetic tree constructed on the basis of 3-D structural similarities indicates that mytilectins belong to a group (clade) different from those of R-type lectins and carbohydrate-related enzymes (Fig. 10 ).
F-2. Reasons for Coexistence of Two Lectin Families in Mytilids
Studies as described above, in combination with genomic studies, show that two distinct lectin families that both have β-trefoil folding (mytilectins and R-type lectins) are present in the family Mytilidae (75) . It is unusual for two different lectin families belonging to the same superfamily to coexist in the same animal family. We propose that the explanation in this case is that each family plays an important role in immune system processes, and 
G. Perspectives
A draft genomic sequence of M. galloprovincialis was first published in 2016 (80) . The resource has great potential for advancing our understanding of genetic damage associated with pollutants (81) , biological adaptation to climatic changes (82), mussel evolution (83) , and many other research areas. Glycobiological studies will be useful in elucidating the functions of mussel lectins, and related processes.
G-1. Carcinogenesis in Bivalves
Genomes of many bivalve species have recently been shown to contain a virus-derived retrotransposon gene. Activation of this genetic element may lead to carcinogenesis in mytilids and other bivalve families (84) (85) (86) (87) . Transmission may also occur across differing species (85, 86) . Transcriptomic data analysis revealed that important housekeeping genes that regulate cell proliferation and are activated in human lymphoma cells, including MAP kinase and JNK kinase, are transcribed in M. galloprovincialis (72) . Brachiopod species produce several mytilectin-like mRNAs that carry aerolysin-like domain (also found in mussel mytilectin-2/3). This domain may exert a lytic function homologous to the terminal step of complement system, and be involved in defense against pathogens (87).
All lectin molecular species studied at the protein level in mussels, to date, are orthologous to mytilectin-1. Future studies of expression of chimera-like forms (mytilectin-2/3 and possibly others) will help clarify the physiological roles of the mytilectin family. Studies of carcinogenic processes in mussels and other bivalves are ongoing, but it remains to be determined whether mussel mytilectins functionally regulate cancer cells through interaction with cell surface glycans. The antitumor activity against Burkitt's lymphoma cells displayed by MytiLec-1 may reflect similar activity of mytilectins in response to carcinogenic processes in mussels;
i.e., MytiLec-1 and other mytilectin member in general may have evolved as anti-cancer agents.
G-2. Bricolage
The term "bricolage" refers to creation of new tools in primitive societies in which availability of materials is limited. Creation of such tools or objects may be based on modification and/or combination of waste products and parts of objects having different purposes. Analogously, modification and/or combination of biological processes in many organisms may be used to generate novel molecules with novel purposes (88) .
β-Trefoil fold structure was first reported based on 3-D structural studies of soybean trypsin inhibitor (89) , and was subsequently shown to be present in many organisms. β-Trefoil fold structure is present in fibroblast growth factor (FGF) and ricin B chain, which belong to the same superfamily although they do not have sequence similarity (90) . This geometric structure has been proposed to account for capability of interaction with a wide variety of ligands. In differing lineages of related organisms, this ancestral structural frame may have evolved to allow acquisition of differing and characteristic functions, such as glycan-binding for lectins and receptor binding for growth factors. The resemblance between structures of mytilectins and hisactophilin (79) , despite lack of similarity in primary sequence or functional role, may be explained by convergent evolution toward a common framework. This is a new perspective on the concept of "bricolage" in proteins. 
G-3. Glycan Ligands
Presence of glycosphingolipids having glycans with α-Gal or α-GalNAc residues at the nonreducing terminus has been reported for certain marine bivalve species in Japan (91) (92) (93) . MytiLec-1 has the capability of binding glycans in animal tissues (29) . Physiological roles of mytilectins present in mytilids will be clarified by identification of glycoconjugates that bear sugar chains recognized by these lectins. Studies in progress are focused on identification of such glycoconjugates, and on details of interactions between lectins and glycans in many types of marine invertebrates.
G-4. Future Prospects in Bivalve Lectin Studies
All Gb3-binding lectins do not necessarily produce cytotoxic effects against Gb3-expressing cells. SAL (Silurus asotus lectin), a lectin in the SUEL/RBL family isolated from catfish eggs by K.
Nitta's group (94) intensive studies of novel and unusual lectins and lectin families in mollusks and other marine invertebrates in the near future will promote rapid advances in many research fields, including biotechnology, medicine, and sustainable food production.
